Abstract: This paper proposes a novel multi-element resonant converter with self-driven synchronous rectification (SR). The proposed resonant converter can achieve a zero-voltage-switching (ZVS) operation from light load to full load, meanwhile, the zero-current-switching (ZCS) can achieve rectifiers of a secondary-side. Therefore, the switching losses can be significantly reduced. Compared with an LLC resonant converter, the proposed resonant converter can be effective to decrease the circulating energy through the primary-side of the transformer to output a load and provide a wide voltage gain range for over-current protection as well as decreasing the inrush current under the start-up condition. Moreover, the proposed converter uses a simple current detection scheme to control the synchronous rectification switches. A detailed analysis and design of this novel multi-element resonant converter with self-driven synchronous rectification is described. Finally, a DC input voltage of 380-V DC and an output voltage/current of 12-V DC /54-A for the resonant converter prototype is built to verify the theoretical analysis and performance of the proposed converter.
Introduction
Over the last ten years, LLC resonant converters have been widely used in the power supply industry because LLC resonant converters have a lot of advantages such as zero voltage switching (ZVS) on primary switches and the zero-current-switching (ZCS) can be achieved for the output rectifiers [1] [2] [3] [4] . Moreover, the voltage stress ratings of the output rectifier only need two times the output voltage. Therefore, the secondary conduction losses can be significantly reduced. Furthermore, compared with a series resonant converter (SRC), a parallel resonant converter (PRC) and a series-parallel resonant converter (SPRC) [5, 6] , LLC resonant convertors allow a narrow switching frequency variation during the output load and input voltage variation [7, 8] . Therefore, the LLC resonant converter can be simpler to design an electromagnetic interference (EMI) filter [9] [10] [11] . Unfortunately, the LLC resonant converter still has some issues to be solved [12, 13] , such as short output circuit and overload conditions will cause a large peak in current through the switches of the primary-side. Moreover, when the LLC resonant converter is used during start-up condition, the huge inrush current will cause destructive damage. Moreover, how to optimize driving synchronous rectifiers (SR) is still an important issue [14] [15] [16] . For instance, the current transformer (CT) to sense the current used to drive SRs has been proposed [17] , but the magnetizing inductance of the transformer of the LLC resonant converter has been used for resonant inductance. Thus, the primary-side current of the transformer and the SRs current are out of phase. In contrast, when the CT sense the secondary-side current, which will cause large conduction losses through CT, so that it will reduce the conversion efficiency. The multi-element resonant converter has been proposed to solve the above mentioned LLC resonant converter issues [18] [19] [20] [21] [22] . Since the voltage gain curve is relatively sharp and close to zero in resonant frequency, it can decrease the inrush current to solve short output circuit issues. On the other hand, the multi-element resonant tank can inject a third order harmonic, it can reduce the circulating current and decrease the conduction losses through switches of primary-side. Unfortunately, the SRs issues still cannot be solved. To overcome the above mention issues, a novel multi-element resonant converter with self-driven SRs is proposed in this paper. Compared to multi-element resonant converters, the proposed converter can use CT to sense primary-side current for SRs because the magnetizing inductance of the transformer is not used in the resonant tank and thus is relatively large, so that primary-side current and the SRs current are in phase. On the other hand, this proposed converter can also inject a third order harmonic current to reduce circulating energy losses. Moreover, compared with the LLC resonant converter, the voltage gain curve is sharp and close to zero in resonant frequency, which can decrease the inrush current to solve short output circuit issues. Similarly, the proposed converter can also utilize the ZVS technique to decrease the switching losses, resulting in a high efficiency of conversion. The operational principle of the proposed converter is analyzed, a prototype converter with a DC input voltage of 380-V DC and output voltage/current of 12-V DC /54-A has been built to verify the analytical results.
Circuit Description and Principle Operation
The proposed CLL-LC multi-element resonant converter is shown in Figure 1 , where it is composed of C r , L r , L 1 , L p and C p . It should be noted that the magnetizing inductance of the transformer is not anticipated in the resonant tank, the magnetizing inductance is larger than other resonant components, so it can approximate an open-circuit. Therefore, in the proposed multi-element resonant converter, the primary-side current of the transformer and the secondary-side current are in phase, so that the CT can be used to detect the primary-side current signal through a secondary-side to drive SRs. D B1 and D B2 are the anti-paralleled diodes of the primary switches, Q 3 and Q 4 are SRs switches, and C O is the output capacitor.
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The proposed CLL-LC multi-element resonant converter is shown in Figure 1 , where it is composed of Cr, Lr, L1, Lp and Cp. It should be noted that the magnetizing inductance of the transformer is not anticipated in the resonant tank, the magnetizing inductance is larger than other resonant components, so it can approximate an open-circuit. Therefore, in the proposed multi-element resonant converter, the primary-side current of the transformer and the secondary-side current are in phase, so that the CT can be used to detect the primary-side current signal through a secondaryside to drive SRs. DB1 and DB2 are the anti-paralleled diodes of the primary switches, Q3 and Q4 are SRs switches, and CO is the output capacitor. There are eight states to complete a switching cycle. The conduction paths for each operating state are illustrated in Figure 3 . In addition, the following simplifying assumptions are made:
(1) All semiconductors, layout trace and the copper losses of the transformer are lossless. There are eight states to complete a switching cycle. The conduction paths for each operating state are illustrated in Figure 3 . In addition, the following simplifying assumptions are made:
(1) All semiconductors, layout trace and the copper losses of the transformer are lossless. Figure 2 . Key waveforms of the proposed CLL-LC multi-element resonant converter.
As shown in Figure 3 , Q1 is turned on under the ZVS operating condition. Meanwhile, the synchronous rectifier Q3 is conducted. The resonant current iCr is increased and includes a third order harmonic current so that it can significantly reducethe circulating energy losses. On the other hand, the resonant inductor current iLr is equal to the primary-side of the transformer current and reflects the secondary-side though synchronous rectifier switch Q3. Therefore, the primary-side of the transformer and the secondary current is in phase. The voltage across the resonant inductor L1 is a positive direction, so the resonant inductor current iL1 is raised until iL1 is equal to iCr; this interval has ended.
State 2: t1 < t < t2:
During this mode, the resonant circuit is composed of Cr, Cp, L1 and Lp. At time t1, the resonant inductor current iL1 is the same as the resonant current icr. Therefore, there is no current transferred to the secondary side, so the synchronous rectifier Q3 is turned off and has achieved zero-currentswitching (ZCS) and the output capacitance CO starts to provide the energy to the load at this moment.
State 3: t2 < t < t3:
The mode begins, when Q1 is turned off at t = t2. The resonant current iL1 will charge the junctioncapacitors of Q1 and discharges the junction-capacitors of Q2 in the meantime. The output capacitance CO is still providing the energy to the load. When this interval has ended, the voltage across the resonant inductor L1 is equal to −nVo and the body diode of Q2 has conducted.
State 4: t3 < t < t4:
In this state, the body diode of Q2 has conducted, which carries the resonant inductor current iCr and the input inductor current iL1. The voltage across the input inductor L1 is about (VIN-VCp-VCr), so the input inductor current iL1 increases linearly. The output capacitors CO provide energy to the output load. Once this interval has ended, Q2 is turned on with the ZVS operating condition. State 1: t 0 < t < t 1 :
As shown in Figure 3 , Q 1 is turned on under the ZVS operating condition. Meanwhile, the synchronous rectifier Q 3 is conducted. The resonant current i Cr is increased and includes a third order harmonic current so that it can significantly reducethe circulating energy losses. On the other hand, the resonant inductor current i Lr is equal to the primary-side of the transformer current and reflects the secondary-side though synchronous rectifier switch Q 3 . Therefore, the primary-side of the transformer and the secondary current is in phase. The voltage across the resonant inductor L 1 is a positive direction, so the resonant inductor current i L1 is raised until i L1 is equal to i Cr ; this interval has ended.
State 2: t 1 < t < t 2 :
During this mode, the resonant circuit is composed of C r , C p , L 1 and L p . At time t 1 , the resonant inductor current i L1 is the same as the resonant current i cr . Therefore, there is no current transferred to the secondary side, so the synchronous rectifier Q 3 is turned off and has achieved zero-current-switching (ZCS) and the output capacitance C O starts to provide the energy to the load at this moment.
State 3: t 2 < t < t 3 :
The mode begins, when Q 1 is turned off at t = t 2 . The resonant current i L1 will charge the junction-capacitors of Q 1 and discharges the junction-capacitors of Q 2 in the meantime. The output capacitance C O is still providing the energy to the load. When this interval has ended, the voltage across the resonant inductor L 1 is equal to −nV o and the body diode of Q 2 has conducted.
State 4: t 3 < t < t 4 :
In this state, the body diode of Q 2 has conducted, which carries the resonant inductor current i Cr and the input inductor current i L1 . The voltage across the input inductor L 1 is about (V IN -V Cp -V Cr ), so the input inductor current i L1 increases linearly. The output capacitors C O provide energy to the output load. Once this interval has ended, Q 2 is turned on with the ZVS operating condition. The equivalent circuit of the resonant tank in Figure 4 is for use by the First Harmonic Approximation (FHA) approach; the voltage gain M of the resonant tank can be derived and is given as follows: 
where Rac is the AC equivalent load resistor and in order to simplify the analysis, the resonant inductor ratio is defined as K; the quality factor is defined as Q; the characteristic impedance is ZO, which can be expressed as follows: The equivalent circuit of the resonant tank in Figure 4 is for use by the First Harmonic Approximation (FHA) approach; the voltage gain M of the resonant tank can be derived and is given as follows:
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where R ac is the AC equivalent load resistor and in order to simplify the analysis, the resonant inductor ratio is defined as K; the quality factor is defined as Q; the characteristic impedance is Z O , which can be expressed as follows: 
According to Equations (1) and (2), the voltage-gain curve is calculated and obtained by FHA using the equivalent impedance circuit in Figure 4 . The voltage-gain with different Q factors in Figure 5 is shown, which includes factors for resonant impedance Zo and the equivalent output resistance Rac. Besides, the normalized frequency is adopted to express the voltage gain with switching frequency variation. There are four resonant frequencies included in this resonant tank, which have been simply expressed in Equation (3). The voltage gain curve at near and below fr1 is similar to the LLC resonant converter, it can allow narrow switching frequency variation during the output load and input voltage variation. Meanwhile, the ZVS at the primary switches and ZCS at the secondary switches are both still achieved to reduce the switching loss and develop high efficiency conversion. Furthermore, since the input-voltage source is a square-wave on the proposed CLL-LC resonant converter it can be expanded to a fundamental and odd-term harmonics sine-wave by a Fourier analysis. The resonant tank, which employs the third resonant frequency fr3 can inject an extra high-order harmonic current to reduce the circulating current and to reduce conduction losses on the switches of the primary side and the secondary side. On the other hand, the voltage gain at fr2 is zero since the input impedance is According to Equations (1) and (2), the voltage-gain curve is calculated and obtained by FHA using the equivalent impedance circuit in Figure 4 . The voltage-gain with different Q factors in Figure 5 is shown, which includes factors for resonant impedance Z o and the equivalent output resistance R ac . Besides, the normalized frequency is adopted to express the voltage gain with switching frequency variation. There are four resonant frequencies included in this resonant tank, which have been simply expressed in Equation (3).
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To further optimize the SRs driving issue, a novel multi-element resonant converter with self-driven SRs is proposed. In order to drive SR MOSFETs, the magnetizing inductance of the transformer is not used in the resonant tank and it is relatively large compared to other resonant components so that the primary-side current and the secondary-side current are in phase. The SR control circuit configuration is shown in Figure 6 . A CT has been added at the primary side to sense the phase of the SR current through the primary transformer current. The Schmitt trigger circuit is used to detect the voltage polarity of the CT voltage and provide the SR driving signal to the SR driver. The waveform of the SR driving signal is shown in Figure 2 . When the SR current starts to transfer energy to the load, the voltage of CT becomes positive, the output of Schmitt triggers the circuit to pull high. When the SR current decreases to a negative value, the output of Schmitt triggers the circuit to pull down. Therefore, the SRs driving signals can be obtained from Schmitt to trigger the circuit to turn on/off; a self-driven SR control can be achieved. Table 1 shows the voltage/current stress during each reactive element, capacitors and power devices. Table 2 compares the proposed converter with the conventional LLC converter. This proposed converter is especially suitable for applications under large-current load conditions, such as server power, because compared with the conventional LLC converter, this proposed converter has a simple and exact detecting circuit for the SR-driver. However, the resonant tank elements are more than those of the LLC converter, so that this proposed converter results in a lower power density.
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Design Consideration and Experimental Results
A 650 W, 65 kHz 380-V DC /12-V DC multi-element CLL-LC resonant converter prototype was built to verify the theoretical analysis and the proposed design strategies. The commercial resonant controller IC L6599 was used for the proposed converter. In addition, we have used a compensator of 2-pole/1-zero to regulate the output voltage. The resonant parameters were designed as follows: L r = 10.4 µH, L p = 10 µH, C r = 203.5 nF, C p = 112 nF and L 1 = 510 µH. The transformer turn ratio is 16:1:1. The core material is PC44. L r is integrated with the transformer. The part numbers of the primary-side and secondary-side devices are IPP60R099CP and PSMN2R8-40PS, the resonant frequencies of the multi-element CLL-LC converter were designed and shown in Table 3 . Figure 7a ,b shows the ZVS waveform of Q 1 and Q 2 at a full-load condition, V ds1 and V ds2 are the drain-source voltages of Q 1 and Q 2 , respectively. V gs1 and V gs2 are the gate-source voltages of Q 1 and Q 2 , ZVS is achieved at primary-side switches. Figure 8a ,b shows the experimental waveforms of the CLL-LC converter under light-load and full-load conditions. V gs3 and V gs4 are the gate-source voltages of the SRs and I Lrp is the primary-side resonant current.
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A 650 W, 65 kHz 380-VDC/12-VDC multi-element CLL-LC resonant converter prototype was built to verify the theoretical analysis and the proposed design strategies. The commercial resonant controller IC L6599 was used for the proposed converter. In addition, we have used a compensator of 2-pole/1-zero to regulate the output voltage. The resonant parameters were designed as follows: Lr = 10.4 μH, Lp = 10 μH, Cr = 203.5 nF, Cp = 112 nF and L1 = 510 μH. The transformer turn ratio is 16:1:1. The core material is PC44. Lr is integrated with the transformer. The part numbers of the primaryside and secondary-side devices are IPP60R099CP and PSMN2R8-40PS, the resonant frequencies of the multi-element CLL-LC converter were designed and shown in Table 3 . In Figure 8a , since the amplitude of the current is lower at the light load, the Schmitt-trigger circuit is disabled. The driving signals of the SRs are non-activated at the light load, the SRs are turned off, which can also reduce the SRs driving loss since the percentage of SR driving loss at light load is significant. In Figure 8b , the Schmitt-trigger circuit is enabled when I Lrp rises and reached I th+ . The SRs will turn on when I Lrp drops and reaches I th− . The SRs will turn off, since the I th+ must be set larger than I th− due to the operation restrictions of the Schmitt-trigger circuit. The turn-on signals of the SRs will act with a delay period. It can be also observed that the SR will turn off as the transformer enters the non-coupled region, which means that the secondary current is zero. Hence, ZCS is achieved. Figure 9a ,b shows the experimental waveforms under the start-up condition, compared to the conventional LLC resonant converter, since the CLL-LC resonant converter employs ideally an infinite impedance at f o2 . The inrush current can be effectively reduced by about 40% percent during the same start-up period. In Figure 8a , since the amplitude of the current is lower at the light load, the Schmitt-trigger circuit is disabled. The driving signals of the SRs are non-activated at the light load, the SRs are turned off, which can also reduce the SRs driving loss since the percentage of SR driving loss at light load is significant. In Figure 8b , the Schmitt-trigger circuit is enabled when ILrp rises and reached Ith+. The SRs will turn on when ILrp drops and reaches Ith−. The SRs will turn off, since the Ith+ must be set larger than Ith− due to the operation restrictions of the Schmitt-trigger circuit. The turn-on signals of the SRs will act with a delay period. It can be also observed that the SR will turn off as the transformer enters the non-coupled region, which means that the secondary current is zero. Hence, ZCS is achieved. Figure  9a ,b shows the experimental waveforms under the start-up condition, compared to the conventional LLC resonant converter, since the CLL-LC resonant converter employs ideally an infinite impedance at fo2. The inrush current can be effectively reduced by about 40% percent during the same start-up period. The efficiency of the proposed multi-element CLL-LC resonant converter is shown in Figure 10 . The efficiency at a half load is 96.7%, and at a full load it is 96.1%. The peak efficiency is 96.04% at 65% load. The efficiency of the proposed multi-element CLL-LC resonant converter is shown in Figure 10 . The efficiency at a half load is 96.7%, and at a full load it is 96.1%. The peak efficiency is 96.04% at 65% load. In Figure 8a , since the amplitude of the current is lower at the light load, the Schmitt-trigger circuit is disabled. The driving signals of the SRs are non-activated at the light load, the SRs are turned off, which can also reduce the SRs driving loss since the percentage of SR driving loss at light load is significant. In Figure 8b , the Schmitt-trigger circuit is enabled when ILrp rises and reached Ith+. The SRs will turn on when ILrp drops and reaches Ith−. The SRs will turn off, since the Ith+ must be set larger than Ith− due to the operation restrictions of the Schmitt-trigger circuit. The turn-on signals of the SRs will act with a delay period. It can be also observed that the SR will turn off as the transformer enters the non-coupled region, which means that the secondary current is zero. Hence, ZCS is achieved. Figure  9a ,b shows the experimental waveforms under the start-up condition, compared to the conventional LLC resonant converter, since the CLL-LC resonant converter employs ideally an infinite impedance at fo2. The inrush current can be effectively reduced by about 40% percent during the same start-up period. The efficiency of the proposed multi-element CLL-LC resonant converter is shown in Figure 10 . The efficiency at a half load is 96.7%, and at a full load it is 96.1%. The peak efficiency is 96.04% at 65% load. 
Conclusions
This paper has proposed a novel multi element CLL-LC resonant converter with a self-driven SR. The characteristics of the CLL-LC resonant converter have been analyzed and the operational regions of CLL-LC resonant converter have been discussed. The benefits of the third current harmonics injection and inrush current improvement under the start-up conditions have been discussed and verified. Meanwhile, an easily implemented current-type SR control scheme is proposed to achieve low SR losses. These features make the proposed multi-element CLL-LC resonant converter more suitable for applications with high-input and low-output voltages. The experimental results on a half-bridge multi resonant converter with SR are provided to verify the effectiveness of the proposed multi element CLL-LC resonant converter.
